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The objective of this investigation was to establish
the basic response characteristics for common types of
highway bridges under the passage of ordinary vehicular
traffic. The response characteristics under consideration
were the maximum values of displacement, velocity, acceler-
ation, and jerk together with the frequency content and
damping ratio. Sixty-two bridges of all types of construc-
tion with one through four spans were instrumented with
a deflection gage and a varying number of acceleroneters.
More than 2200 vehicle crossings were recorded with the
major portion being heavy trucks.
The results of the investigation indicate that the
level of acceleration experienced by most bridges falls
below the values which would be psychological "ly disturbing
to pedestrians. The results also indicate that the funda-
mental torsional mode contributes as much or sometimes
r.iore to the total bridge motion as does the fundamental
bending node.
An algorithm is also presented which will permit the
integration of acceleration in order to find velocity and/or
displacement. Also a technique to differentiate the dis-
placement or acceleration in order to find the corresponding
velocity or jerk is presented.
CHAPTER 1 : INTRODUCTION
1.1. General Objectives
Although the theoretical dynamic response of single-
span and multi-span highway bridges under moving vehicles
has been the subject of numerous investigations In recent
years^ , the comprehensive study of the actual
dynamic performance of a wide range of bridge types has
had little attention.
The objective of this study is to provide information
which will provide a better understanding of the dynamic
performance of a broad range of highway bridge structures
under the passage of ordinary vehicular traffic and to
correlate this information with the predicted or theoretical
performance. The ultimate goal of the investigation is to
provide a better understanding of bridge vibrations,
leading to the establishment of design criteria for in-
clusion in the bridge specifications which will directly
regulate the dynamic response of a bridge structure.
Design practice, as outlined in the present bridge
design codes ^•^^' , avoids the direct treatment of the
dynamic behavior of bridge-vehicle systems. Restrictions
are Imposed upon the static deflection-span ratio under a
stationary live load and upon the girder depth-span ratios
with the hope that the restrictions will provide for a
satisfactory dynamic performance.
These restrictions have no rational basis in terms of
dynamic performance and the results from observing these
rules seems to substantiate this fact.
One of the benefits which could be realized from
code requirements which successfully predict dynamic per-
formance would be the exclusion of bridges before they
were built, which would have adverse psychological effects
upon pedestrians or upon occupants in vehicles crossing
the bridge. A recent paper by Shahabadi ^ ' presents a
summary of previous human response studies to vertical
vibrations and relates these studies to the particular
problem of human response to bridge motion. Another
benefit which could be realized would be the increased use
of high strength steel for bridge girders. This would be
possible by relaxing the present limitations on deflections
and/or span-depth ratios by showing that increasing the
flexibil i ty of a bridge would not result in unsatisfactory
dynamic performance. The economical use of high-strength
steel girders would result in significant savings if the
design of these girders could be freed from arbitrary
limitations which do not guarantee improvement in bridge
performance.
In view of the general nature of the problem and
circumstances outlined in this section, it is apparent
that a method of analysis which will determine the dynamic
response of highway bridges is required. The most
successful studies in recent years have been presented by
Oran^ ^ for simple span highway bridges and by Veletsos
and Huang^ * ^ for multi-span continuous bridges. The
theory was verified by comparisons with the results of
laboratory studies on simply supported beams and with
(27)
results of the AASHO Road Test bridge studies^ , although
the bridges tested in the AASHO study were single lane,
simple span structures conforming rather closely to the
(2)
assumptions of the theory. Later Aramaks modified the
analytical computer programs of Oran^ ' and Huang^ ' and
conducted an acceleration study of highway bridges using
parameters related to the bridge, to the vehicle and the
Initial conditions of both the vehicle and the bridge.
The effects of the major parameters on the bridge
accelerations were studied and compared to an acceleration
criteria for human response presented by Wright and Walker
This investigation was conducted to verify the
theoretical results presented by Oran^ ^, Huang' ' and
(2)Aramraks^ ' in addition to providing a better understanding
of the dynamic performance of highway bridges under
ordinary traffic.
(26)
1 .2 Scope of this Investigation
The investigation reported herein can be conveniently
divided into the following three parts:
(a) Testing of a broad range of bridge structures
under actual traffic conditions, collecting
deflection and acceleration data.
(b) Reduction and analysis of the collected data to
establish basic response characteristics as a
function of structure parameters.
(c) Comparison between the analytical and experimental
resul ts .
In this investigation a sample of 62 bridges of
various span lengths and various types of construction were
instrumented and the deflection and acceleration response
to highway traffic were recorded. In the second phase of
testing, three representative structures were chosen from
the original 62 bridges, and detailed tests were con-
ducted. This phase of testing involved running a standard
test vehicle at different longitudinal locations and at
various speeds across the bridges and collecting the
corresponding deflection and acceleration response. In
addition, the deflection and acceleration transducers were
relocated to different positions on the bridge to prove or
disprove results obtained using the analytical program.
Also, a detailed profile was run on each of these three
bridges since It has been shown that roughness of the
bridge deck and approaches Is one of the most Important
(2)parameters affecting the dynamic motion^ '. The field
test data was then digitized and stored on magnetic tape
for further analysis. In general, this analysis consisted
of finding the maximum deflection, velocity, acceleration
and jerk for each vehicle crossing and also involved
analyzing the frequency content of each record. These
results will then be compared with the results from the
analytical program by Shahabadi^ '.
In order to make this study as general as possible,
the scope of the test program did not include obtaining
specific vehicle parameters for each vehicle crossing a
particular bridge. Only the vehicle's velocity and general
type are known, except In the case where the standard test
vehicle was used. Therefore, vehicle parameters such as
tire and spring stiffness required for input into the
analytical program were taken from manufacturers' data
(19 37 38)
and test reports^ ' ' . However, the test results
alone provide valuable Information about the dynamic
behavior of bridges under actual traffic conditions. Also,
It was realized that all of the data which was collected
could not be reduced and thoroughly Interpreted within
the time limits of this investigation. This investigation
was designed to provide, after the completion of the
present study. Information valuable for further work in
this field.
CHAPTER II: DESCRIPTION OF THE TEST PROGRAM
2.1. General
The purpose of this chapter is to describe the test
program, the bridge selection procedure, and to briefly
discuss the instrumentation and the data collection pro-
cedures. A more detailed description of the instrumenta-
tion and data collection procedure may be found in the
appropriate parts of Ref. 3.
The testing program consisted of obtaining the dynamic
response information from a group of 62 bridge structures
selected for testing. This dynamic response information
was in the form of deflection and acceleration records
recorded on k" magnetic tape at each bridge site. The
data was collected in two phases. The first phase was
conducted during the summer of 1973 and included the
testing of all 62 bridges. Due to instrumentation prob-
lems which occurred during the first phase, a second
phase of collection was conducted during the summer of
1976 on 18 of the original 62 bridges. This second phase
of testing also included testing of a few new bridges not
Included in the original sample of sixty-two. Their in-
clusion in the testing program was due to the fact that
they carried high volumes of traffic, were readily
accessible for testing and were physically compatible
with the input for the analytical programs. Hereafter
the first phase and second phase of testing will be re-
ferred to as Phase I and Phase II testing, respectively.
2.2. Bridge Selection Procedure
The types of bridges to be tested were selected so
as to provide a representative sample of the bridges
cotnmonly in use today and were taken from a listing of
all bridges on state and interstate highways in Indiana.
The first step in this process was the selection of
categories of bridges based upon their type of construc-
tion and the current popularity of this type of construc-
tion. This would immediately exclude such types of con-
struction as stone arch and steel pony arch. Another
factor considered in the selection of bridge categories
was the number of bridges which had similar physical
dimensions and were of the same type of construction. It
was felt that this limitation was necessary due to the
fact that one of the objectives of the test program was
to Investigate the premise that bridges of similar con-
struction and physical dimension would have similar
dynamic response under highway traffic. Ten categories
of bridges were selected and are shown in Table 2.1.
The ten categories were then broken down into sub-
categories with each sub-category containing bridges
having the same number of spans, the same span lengths,
Identical deck width, and, wherever possible, all bridges
In a sub-category were constructed within the same year.
In some sub-categories the range of time when a bridge
was built was two or three years and in these cases all
bridges in the sub-category were designed using the same
design standards.
Originally It was attempted to use additional
selection factors for bridges in sub-categories, such as
skew and average daily traffic load, but it was practically
impossible to find bridges which were identical in these
respects along with the four factors mentioned in the
previous paragraph.
Table 2.1. Ten Categories of Bridges Selected for the
Testing Program










Non-Composite Steel Beam (Single-
Span)
Non-Composite Continuous Steel Beam
Composite Non-Continuous Steel Beam
Composite Continuous Steel Beam
Composite Continuous Plate Girder
(essentially uniform moment of
Inertia)
Composite Continuous Plate Girder





Continuous Reinforced Concrete Slab
Prestressed Concrete I-Beam Bridge
8The final factor used in the selection of sub-
categories was the type of highway the bridge carried.
Highways were classified into the following groups:
(1) two lane county roads with two-directional
traffic crossing over Interstate Highways
(2) two lane state highways with two-directional
traffic
(3) four lane state highways
(4) four lane divided Interstate highways
(5) six lane divided Interstate highways
In many cases the bridges located on four or six lane
divided highways were twin structures and were considered
as two separate bridges. The majority of bridges selected
for testing were of the steel beam or plate girder type.
This was done since one of the objectives of the study
was to investigate the use of high strength steel beams
in bridge construction. Additional factors influencing
the selection of sub-categories were the total number of
spans and the section properties of the bridge cross-
section since the analytical programs are restricted to
bridges having constant moment of inertia, equal spans
for two span bridges, and equal outer spans for three-
span structures.
The end result of the selection process was a sample
of 62 bridges consisting of 40 steel span structures and
22 concrete span structures. The complete listing of the
62 bridges including category, sub-category, span length,
width, and year built can be found in Appendix A. The ten
categories which were based on type of construction are
divided into 22 sub-categories with two to four sub-
categories per category. The sub-categories consist of
one to six similar bridges based on number of spans, span
length, deck width, and year built. These four selection
factors varied widely between sub-categories with the
number of spans varying from one to four, the span lengths
from 27.0 feet to 129.0 feet, the deck width from 24.0
feet to 51.0 feet and the year built from 1929 to 1972.
In conclusion, the sarple of bridges selected contains
a diverse variety of bridge types, sizes, ages and traffic
conditions. The sample contains a selection of small
groups of essentially identical bridges which will make it
possible to identify similar dynamic properties. The
whole sample of 62 bridges will make it possible to
Identify general dynamic properties such as maximum
accelerations or fundamental bending frequencies.
2.3. Test Variables
Some of the test variables, none of which were con-
trolled, were:
(1) speed of the vehicle crossing the bridge
(2) total weight of the vehicle
(3) type of vehicle
(4) vehicle parameters such as spring stiffness and
natural frequency of its system of tires and
spri ngs
(5) transverse location of the vehicle upon the
bri dge
(6) initial conditions of the vehicle as the vehicle
enters the bridge
During each test, the test equipment and personnel
were In such a position so as to minimize any effects
their presence would have on normal traffic flow. Only
during the latter portion of the Phase II testing were the
testing crew required to place a warning sign up the road
from the bridge which read "Road Work Ahead". From the
observations of the testing personnel, the sign had little
or no effect on the traffic's velocity or transverse
position on the bridge.
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Two different types of vehicle coding were used, one
type for the first phase of testing where all 62 bridges
were tested and another type for the second phase of
testing during the summer of 1976. See Table 2.2 for the
Phase I and Phase II vehicle classification codes. The
major difference between the two codes is the consolidation
of all truck types into one category for the first phase
of testing whereas for the second phase there are six
categories ranging from a single tandem drive axle unit
to a tandem drive axle tractor with a two axle trailer.
During Phase I testing, one of the four vehicle codes were
recorded as a signal pulse on the h" magnetic tape as
each vehicle traversed the bridge and, if the vehicle were
a truck, a test crew member would record a general de-
scription of the truck on a log sheet. Since the general
description did not include the number of axles and also
since the transfer of Information from the log sheet to
digitized data storage tapes greatly slowed the reduction
process, it was decided that for the second phase of
testing no log sheets would be used and the vehicle codes
expanded to nine categories instead of the original four.
Expanding the vehicle code categories had another
advantage wherein the use of existing loadometer studies
could make the estimation of vehicle length and range of
axle weights more reliable. Since the vehicle axle
weights and spacings were unknown, an estimation of these
quantities had to be made for input to the analytical
programs
.
2.3.1 . Test Vehicle
Even though one of the main objectives of the test
program was to survey a broad range of bridge structures
under normal traffic loadings it was felt that a test
vehicle of some sort should be used, where vehicle
11
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parameters such as axle ^.pacing, axle weight, and spring
stiffness could be measured. Having these quantities to
Input to the analytical programs woulri provide more con-
fidence when comparing the analytic results with the
actual results. In areas of low traffic \Mjlume, such as
a county road over an Interstate, a vehicle of sufficient
weight to give adequate excitation to the bridge structure
was needed. This requirement was another reason for the
use of a test vehicle.
The test vehicle for this testing program was a school
bus owned by the Indiana State Highway Commission's
Research and Training Center and 1s shown 1n Figure 2.1.
Test Vehicle Parameters
The bus is a 1969 International bus with dual rear
wheels, a wheel base of 23.0 feet and was loaded with
broken concrete test beams to achieve significant axle
loads. The vehicle parameters which were measured were
axle spacing, front and rear axle weights, front and rear
spring stiffness and front and rear tire stiffness. The
testing procedure and details used to obtain these para-
meters may be found in Appendix B. A summary of test
vehicle parameters is shown in Table 2.3.
2.4. Instrumentation and Testing Proced ure
2.4.1 . General
This section will contain a discussion of the data
collection process used to obtain the dynamic response
Information from the 62 bridge structures selected for
testing. As was previously mentioned, the dynamic re-
sponse information was in the form of deflection and
acceleration records recorded on k" instrumentation





























Table 2.3. Summary of Test Vehicle Parameters*
Vehicle Type: 1969 International School Bus
23.0 ft. wheel base with dual rear wheels
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Note. The values given are for Phase II testing. The
values for Phase I are identical for all practical
purposes.
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stored on 2450 foot, h" magnetic tape. The digitization
phase of the project will be discussed in further detail
in the next chapter.
Previous investigations of the behavior of bridges
under dynamic load^ * ' have employed testing methods
which result in deformation or strain data. In this
Investigation acceleration and jerk data were of greater
interest since these quantities have more significance in
the area of human response to motion than does deflection
For this reason it was decided to collect acceleration
data using accelerometers positioned on the bridge so as
to record the maximum dynamic effect for each vehicle
crossing. Since studies to date^ ' ' have shown that
highway bridges vibrate primarily 1n their fundamental
mode, two accelerometers were placed at midspan of each
span, one on either side of the bridge, and attached to
the curbs. Accelerometers were placed in each span since
the maximum acceleration for a vehicle crossing would not
necessarily be a maximum in any one particular span. One
accelerometer on each side of the bridge in each span was
used so that it would be possible to study the torsional
characteristics of each bridge tested.
In order to make the study as general as possible,
the deflection at one point on the bridge was also
collected. The deflection gage was positioned adjacent
to an accelerometer so that the following operations
could be performed: (1) An Instrumentation check could
be performed if the deflection record were differentiated
twice and compared with the actual acceleration record,
(2) Intergratlon routines could be developed which would
allow placing accelerometers on a bridge, and by Inte-
grating the acceleration records twice, the deflection
record could be obtained. This would be desirable in
the case where physical conditions under the bridge would
(2)
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not permit the use of a deflection gage and either velocity
or deflection were required, (3) Finally, since jerk
transducers were not used, a check had to be provided for
the case where the acceleration record was differentiated
to find the corresponding jerk record. This check was
made by differentiating the deflection record three times
using certain smoothing polynomials which would give a
range of jerk values. This range of values could then be
compared with results obtained by differentiating the
corresponding acceleration file once.
Since this testing program would collect a substantial
amount of data, more efficient and accurate ways to reduce
this data had to be found. In previous investigations
the output from the Instrumentation was recorded either by
oscillographic equipment or mechanically recorded on a
strip chart. In either case the data had to be reduced
by visual or mechanical manipulation of the output from
the strip chart. It was therefore decided to use instru-
mentation tape recorders and store the data from the
accelerometers and deflection gage in analog form on
magnetic tape. The data could subsequently be digitized
using an analog-to digital converter and be stored in
digital form on magnetic tape. Having the data in
digital form would make it possible to reduce the data
using high-speed digital computers, thus eliminating the
errors which are Inherent in reducing data from a strip
chart. The analog-to-digital converter and associated
software were provided by Professor Ansel Schiff through
his Applied Stochastlcs Laboratory and the data was re-
duced on the Dual CDC 6500 Computer System operated by
the Purdue University Computer Center.
The remainder of this chapter will be devoted to the
description of apparatus and instrumentation used and the
procedures followed for the testing program.
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2.4.2. Test Apparatus
The following section will contain a brief descrip-
tion of the major pieces of equipment used to collect and
store the data, and, will include the accelerometers,
deflection gage and tape recorders. For additional infor-
mation concerning these instruments see Reference (3).
Kistler Model QA-116-15 accelerometers were used to
measure the acceleration of certain points (usually mid-
spans) of the structure as vehicles traversed the bridge.
This accelerometer is a self-contained instrument for
measuring steady state and moderate frequency vibrations
with the capability of sensing accelerations up to 15 g's
over a wide range of temperatures and environmental
conditions.
The deflection gage consisted of a cantilever
aluminum plate mounted on a block of concrete with strain
gages attached to the cantilevered plate. The free end
of this plate was connected to the bridge structure by a
tensloned wire so as the bridge deflected so would the
cantilever beam. As the cantilevered beam deflected, a
corresponding strain would be produced in the strain
gages which, in turn, produced an electrical output
corresponding to the particular displacement.
Tandberg Series 100 Instrumentation Tape Recorders
were used to record the outputs from both the accelero-
meters and deflection gages together with Information
concerning the vehicle type and the position of the
vehicle on the bridge. Each recorder has the capacity
to simultaneously collect four separate inputs and record
these inputs on k" x 1800 ft. magnetic tape at speeds of
1 7/8, 3 3/4 or 7H Inches per second.
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2.4.3. Instrumentation
In this section the Instrumentation of the 62 bridges
selected for testing will be discussed. In some respects
instrumentation for Phase I and Phase II data collection
was different; therefore, the instrumentation for Phase II
will be discussed first followed by Phase I Instrumentation.
Phase II Instrumentation (for data collected during 1976)
In keeping with the objectives of this test program
each bridge tested was instrumented with one deflection
gage and from two to eight accelerometers depending upon
the number of spans. Phase II instrumentation permitted
the collection records for vehicles moving in only one
direction across the bridge which was not the case for
Phase I.
For most tests, two accelerometers were placed at
midspan of each span, one on either side of the bridge
and attached to the curbs. For the purpose of consistency
throughout this paper, the accelerometers will be numbered
from one through eight with Accelerometer #1 being in the
first span on the right hand curb and Accelerometer #2 on
the left curb. The right and left hand directions are
taken as seen by a driver of a vehicle entering the first
span. If required, Accelerometer #3 was positioned at
midspan of the second span on the right curb and
Accelerometer #4 was on the left curb. The deflection
gage was always positioned adjacent to Accelerometer #1
for reasons previously discussed in Section 2.4.1. There
were some cases where the deflection gage could not be
positioned at midspan of the first span due to high water
under the bridge. For these cases the deflection gage was
placed as close as possible to midspan and the two
accelerometers would be moved from their usually midspan
19
position to the same longitudinal position as that for
the deflection gage. See Figure 2.2 for transducer
locations for bridges having from one to four spans.
The output signals from the accelerometers and de-
flection gage were recorded at 3 3/4 Ips on h" x 1800'
magnetic tape using from one to three 4-channel tape
recorders, depending on the number of accelerometers used.
One tape recorder was sufficient for a single span bridge
Instrumented with two accelerometers and one deflection
gage. For a four span bridge, eight accelerometers and
one deflection gage would be used which would require
3 tape recorders. See Table 2.4 for the number of tape
recorders and the use of their corresponding channels for
one through four span bridges.
Channel 4 of each tape recorder was reserved for
Information concerning the type of vehicle crossing the
bridge and the position of this vehicle with respect to
the bridge (I.e. Is the vehicle approaching, on, or off
the bridge?). The type of vehicle crossing the bridge
was recorded as a certain voltage level of a certain time
duration by a digital vehicle code entrant device. Signals
from air-activated switches coupled to traffic hoses were
used to Indicate the longitudinal position of the vehicle
with respect to the bridge. Since the air-activated
switches were common to Channel 4 of each tape recorder,
the signals from these switches provided a common time
base between the tapes being recorded. Three traffic
hoses are used. The first hose Is attached to the roadway
surface approximately 100 feet before the beginning of the
bridge with the second hose attached to the approach slab
adjacent to the expansion joint. The third and final hose
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As a vehicle approached the bridge* the first axle
would pass over the first traffic hose which would put a
corresponding voltage pulse on Channel 4 on all tapes
being recorded. As the first axle passed over the re-
maining two traffic hoses, corresponding voltage pulses
would be recorded on all tapes. Approximately 10 seconds
after the vehicle leaves the bridge, the vehicle type
code was manually entered and simultaneously recorded on
Channel 4 of all tapes. During digitization of the de-
flection and acceleration records, the first voltage
pulse on Channel 4 would be a signal that a vehicle was
approaching the bridge, the second pulse would signify
that the vehicle was entering the bridge, and the third
pulse would be a signal that the first axle was leaving
the bridge. The placement of traffic hoses as outlined
above automatically precludes the collection of vehicle
crossing records In both directions across the bridge.
A sample of the output from Channels 1, 2, 3, and 4 for
a vehicle crossing a two span bridge can be seen in
Figure 2.3. Note the voltage pulses on Channel 4
signifying vehicle position and vehicle position and
vehicle type code.
Also see Figure 2.4 for a schematic diagram of the
Instrumentation for a two span bridge.
Phase I Instrumentation (for data collected during 1973)
Phase I and Phase II Instrumentation Is Identical
except for two minor differences. These two differences
are the number and location of traffic hoses and the
manner In which the vehicle code was recorded.
For Phase I data collection only two traffic hoses
were used— one hose at the beginning of the bridge and
one at the end. This traffic hose configuration made it




























































































































Figure 2.4. Schematic of Phase II instrumentation for a two span
bridge.
25
direction. The approach of a vehicle was recorded by
entering the vehicle type code on the tape and after the
vehicle left the bridge the vehicle type code was again
entered and recorded, thus signifying the end of a vehicle
crossing record. A sample vehicle crossing for Phase I
can be seen In Figure 2.5. It should be noted that for
Phase I all axles crossing the traffic hoses were
recorded whereas for Phase II only the first axle crossing
was recorded.
The major reason for modifying the Instrumentation
before Phase II data collection was begun was to decrease
the time required to digitize the vehicle crossing
records. This will be further explained In Chapter III
where the digitization process Is described.
2.4.4. Test Procedures
The Indiana State Highway Commission's Research and
Training Center conducted the data collection for both
Phase I and Phase II. This section will briefly describe
the equipment set-up and testing procedures.
The typical bridge testing crew consisted of two
engineers and four engineering assistants. The testing
of a bridge usually took anywhere from a half day to two
days depending upon the type of traffic using the bridge
and upon the distance between the bridge site and the
Research and Training Center.
Prior to setting up the test equipment, three or four
members of the test crew would complete a Human Response
Survey Form after standing on the curbs of the bridge
under normal traffic conditions. Each person alternately
stood at midspan of each span, on both sides of the
bridge, remaining at each location long enough to experi-
ence the bridge motion under a variety of traffic loading.














































































project 1s outside the scope of this paper but Interested
persons may find a complete description of this human
response survey, together with results and conclusions
In Reference (1).
The testing apparatus was transported to the bridge
site 1n a mobile laboratory (see Figures C.l and C.2)
which was equipped with a portable AC generator. The
accelerometers were bolted to preset stainless steel base
plates epoxled to the bridge curbs while the deflection
gage was placed below the first span and the free end of
the cantllevered beam gage was connected to the bridge
curb with a tensloned wire. See Figures C.3, C.4 and
C.5 1n Appendix C for photographs of the accelerometer
and deflection gage Installations. Appendix C also
contains a more detailed explanation of the deflection
gage set-up. The traffic hoses were secured to the road-
way and all Instruments and Information switches were
connected to the appropriate channels of the tape recorders
as described In the previous section.
Before the actual testing was begun, information was
gathered concerning the Instrumentation location and
physical characteristics of the bridge. The general
physical characteristics of the bridge included a sketch
of the bridge with general physical dimensions. The
bridge sketch Included an elevation view showing the
number of spans and span lengths, a cross section showing
the deck width and thickness, beam or girder size and
spacing, and a plan view showing the bridge orientation,
skew, and location of test Instuments. Also a general
Inspection of the structural condition of the bridge was
conducted and recorded. The clearance between the deck
and approach slab was measured and recorded along with the
condition of the joint and joint material. The top and
bottom of the deck along with the beams or girders were
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Inspected for deterioration or corrosion. If any ab-
normalities were present, the general extent and location
were recorded. Also, the bearing supports were inspected
for freedom of movement since rusting of bearing plates
or rockers could result in a frozen bearing support which
could affect the dynamic motion of the bridge. In general
any condition which would affect the motion of the bridge
structure was documented at this time.
The actual testing was begun after the tape recorders
were turned on and a verbal description of the bridge,
its location, weather conditions and the Instrumentation
Information were recorded on Channel 4. Next, the de-
flection gage and each accelerometer were calibrated with
the calibration signals recorded on the appropriate tape
recorder channel. The testing could now begin.
During the test of a bridge all test personnel had
to be off the bridge and approaches and, if at all
possible, they were in a position so they could not be
seen by passing vehicle drivers. Only one man was
stationed near the bridge so as to be In position to ob-
serve the approaching traffic. However, this "vehicle
spotter" was in constant voice communication with the
test personnel in the mobile lab who were operating the
tape recorders and the vehicle type code box.
The following will be a brief description of the
procedure followed for collecting a single vehicle
crossing for Phase I and Phase II. Note that in most
cases the tape recorders were operated continuously.
Phase I Test Procedure
As a vehicle approached the bridge under favorable
conditions, which will be discussed later, the vehicle
spotter informed the crew in the mobile lab who entered
the corresponding vehicle code, (see Table 2.2) preferably
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at least 5 seconds before the vehicle entered the bridge.
Simultaneously, a member of the test crew in the mobile
lab would record on a log sheet a description of the
vehicle, the lane (right or left) if the bridge was one
way, the direction of travel if a two way bridge, and
the tape footage before and after the vehicle crossed
the bridge. After the vehicle left the bridge the
operator in the mobile lab would wait for approximately
10 seconds before entering the vehicle code which
signified the end of a record.
Phase II Test Procedure
The test procedure for Phase II is essentially the
same as that for Phase I except for the following changes.
If the record for a vehicle approaching the bridge during
Phase I testing was not to be collected, the traffic hoses
remained activated so tire voltage spikes would appear on
Channel 4, although there would be no vehicle codes
entered before or after the vehicle crossed the bridge.
In Phase II testing the traffic hoses were only activated
when a vehicle crossing was desired. If the record for
a vehicle approaching the bridge was desired, the traffic
hoses were activated so the first tire spike on Channel 4
signified the beginning of the record. After the vehicle
left the bridge the vehicle code box had a built-in time
delay device which would prohibit the operator from
entering the vehicle code for at least 10 seconds. No log
sheets were kept because the vehicle code types had been
expanded from 4 for Phase I to 9 for Phase II and the
direction of travel was dictated by the traffic hose
configuration. For Phase II data, the lane of travel is
unknown, although examination of the deflection record or
magnitudes of acceleration usually indicates in which lane
the vehicle was traveling.
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Required Conditions for a Vehicle Crossing to be Collected
At the beginning of the discussion on the Phase I
test procedures, it was mentioned that the vehicle spotter
would decide if the vehicle was approaching the bridge
under favorable conditions. The following will be a
discussion of these "favorable conditions" along with other
criteria affecting the decision as to whether a vehicle
crossing would be recorded. In order to be able to compare
the test results with the results from the analytical
programs, the bridge had to be as stationary as possible
before the vehicle entered the bridge. For the same
reason only one vehicle at a time was allowed on the
bridge. Thus, the vehicle spotter had to decide if the
bridge would be relatively quiescent when a vehicle entered
the bridge and also judge whether there was sufficient
time for the bridge to vibrate freely for at least 10
seconds before another vehicle would enter the bridge.
The 10 second delay after the vehicle left the bridge was
required in order to obtain a sufficient number of points
for the Fourier decomposition of the free vibration
portion of either the deflection or acceleration records.
Also, the test crew had to collect a representative
sample of vehicle types crossing a bridge. For a county
road this sample would consist mainly of passenger cars
and farm trucks. For an Interstate or heavily traveled
U.S. highway the test crew, in addition to collecting a
broad range of vehicle types, were required to have the
total vehicle crossing sample for a particular bridge
consist of at least 60% truck crossings (vehicle Code 4
for Phase I, Vehicle Codes 4 through 9 for Phase II).
This was done to satisfy one of the objectives of this
study which was to ascertain what range of maximum re-
sponse could be expected from a particular bridge structure.
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Test Vehicle (Research and Training Center Bus)
As was discussed in Section 2.3.1, a test vehicle
was used in order to provide more confidence when com-
paring analytical results with test results and also to
provide a vehicle of sufficient weight to excite bridges
that had light, low weight traffic. This test vehicle
was the Research and Training Center bus loaded with
broken concrete beams.
Testing each bridge with the test vehicle was in-
tegrated with the normal data collection during both
Phases of testing. No problems were encountered if the
traffic volume was light. However, when the traffic
volume was heavy, vehicles tended to bunch up around the
R & TC bus, thus causing difficulties in collecting a
record where the bridge was stationary and where no
vehicles entered the bridge for 10 seconds after the bus
left the structure.
The type of roadway and physical characteristics of
the roadway, bridge and approach determined the range of
bus speeds used during the testing. Since all 62 bridges
In the program were tested using the R & TC bus, certain
standard speeds for the different categories of bridges
were established. For example, on county roads crossing
over Interstate highways, bus speeds of 10, 20, 30 and 40
mph were used because there was no danger of impeding
existing traffic at the slower test speeds. On some
county road bridges it was possible to conduct 50 mph test
runs, but on others, horizontal and vertical curves
directly before the bridge approach created safety hazards
for vehicles traveling at 50 mph. On state highways, test
speeds of 40 and 50 mph were used. This included at least
two test runs at each speed, one In each direction on
highways with two-directional traffic (Phase I only), and
one In each lane on four-lane divided highways. On
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Interstate bridges, a mininium of 3 test runs at 50 mph in
the right lane were conducted.
2. 4.5. Special Tests
Special tests were conducted after the conclusion of
Phase II data collection using the test vehicle to excite
the bridge. These special tests were conducted because
various questions had arisen after a portion of the data
had been reduced. These questions concerned results from
the analytical programs and the need to check some
portions of the computer program used in the data reduction.
A more detailed explanation of these special tests may be
found in the next chapter while the detailed testing pro-
cedure may be found in Appendix D.
For the special tests, three bridges were chosen from
among the 62 bridges selected for testing. These three
bridges had to be easily accessible for testing and their
section properties compatible with the capabilities of
the analytical programs. Those bridges selected were the
single span SB-C-1, the two span KCSG-A-1 and the three
span CSB-C-1, all of which were steel beam or plate girder
bridges with constant moment of inertia.
The special tests were divided into three parts:
Test A; Test B; and Test C. Test A was conducted to check
the effects of vehicle velocity on results of the double
integration of the acceleration record while Test B
checked the variability of test results. Test C was used
to experimentally determine the torsional and certain
bending frequencies excited by vehicles crossing a bridge
structure. See Appendix D for more details.
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CHAPTER III: REDUCTION OF THE TEST DATA
3.1. General
More than 2200 individual vehicle crossings were
collected during Phase I and Phase II testing, constituting
over 13,000 deflection and acceleration records which had
to be reduced. Due to the cost of computer time used to
reduce the data, only 900 vehicle crossings were actually
digitized and stored on magnetic tape. Of these 900
vehicle crossings, approximately 65% were truck crossings,
30% test vehicle crossings, and 5% passenger car and light
vehicle crossings.
In performing any data analysis digitally, it Is
first necessary to obtain discrete samples of the data.
The phenomenon being observed in the test program is
continuous and these observations are recorded in a con-
tinuous manner on magnetic tape. The continuous data must
then be sampled to provide the discrete values required
for digital analysis. This sampling process is called
digitization.
This chapter will describe the process of reducing
the data, from digitization through the computer programs
which were used to find the deflection, velocity,
acceleration, jerk and frequency content for the vehicle
crossings .
3.1.1. Data Classification
Any observed data may be categorized broadly as either
deterministic or nondeterministic in nature. Deterministic
data are those which can be described accurately by an
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explicit mathematical relationship. An example of this
type of data would be the motion of a point located on
the perimeter of a wheel rotating at a constant angular
frequency. Nondeterministic or random data are those
observations which cannot be described by an explicit
mathematical relationship where the only meaningful state-
ments which can be made about such data are statistical
or probabilistic in nature. An example of a random
phenomenon is the acoustic noise of a jet aircraft engine.
The classification of data into random and determin-
istic categories is open to question in that observations
taken of physical phenomena are almost never truly one or
the other. Instead, deterministic data usually contain a
random component due to measurement errors, environmental
effects, etc., or what may appear to be random data may
actually be deterministic data whose mathematical relation-
ship are so complex as to be unknown at the present time.
The data collected for this project will be considered
as deterministic and transient (decaying with time) even
though the present state of the art cannot exactly predict
the motion of a bridge excited by a vehicle crossing.
3.2. Digitization of Data
In order to take advantage of the speed and versatility
of the Dual CDC 6500 digital computer facilities available
at Purdue, the data, which were stored in analog (continuous)
form, had to be converted to digital form. This is
accomplished by an analog-to-digital converter (A/D con-
verter), which takes the voltage time histories from the
h" magnetic tapes and approximates this continuous signal
by a specified number of discrete points per time period.
The A/D conversion was performed in the Applied Stochastics
Laboratory operated by the School of Mechanical Engineering
under the direction of Professor Anshel Schiff.
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The equipment used to digitize and store the vehicle
crossing data consisted of one of the Tandberg tape re-
corders used to record the data, a 100 Hz low pass filter,
a data acquisition system (DAS) which includes the A/D
converter, a mini-computer system which includes a 9-track
tape drive, a disk system, a line printer, and CRT terminal
with a keyboard and display. A block diagram of the
equipment set-up may be seen in Figure 3.1. For a more
detailed description of the preceding equipment and
digitization procedures see Appendix E.
3.2.1. Digitization Procedures
The following section will briefly describe how a
typical vehicle crossing record was digitized and stored
on magnetic tape. The procedure described will be for
both Phase I and Phase II data. For the sake of clarity,
a vehicle crossing record (or just record) will refer to
all data collected from all transducers for a particular
vehicle crossing the bridge. A file will refer to the
data collected from only one transducer for a vehicle
crossing a bridge.
The equipment was set up as shown in Figure 3.1 and
the original field tape was mounted on the tape recorder.
The digitization time or sampling interval, which was
5 milll-seconds (200 points/second), was dialed into the
DAS. The rationale behind this choice of sampling Interval
may be found in the appropriate section of Appendix E.
The calibration files were digitized separately, followed
by each vehicle crossing record. When a vehicle crossing
record was found on the field tape, the following informa-
tion was entered at the CRT terminal: (1) the field tape
number; (2) the estimated length in seconds of the vehicle
crossing; (3) bridge ID and description; and (4) vehicle






















Figure 3.1. Equipment set-up for digitizing the data.
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turned on, the DAS was activated, and the output from all
four channels of the tape recorder was simultaneously
digitized and stored on disk. The tape recorder and DAS
were turned off at the end of the vehicle crossing and the
computer processed all four channels and stored the three
data channels on 9-track magnetic tape. The computer
also assigned a unique consecutive file number to each
file as it was stored on tape and also printed out informa-
tion concerning the files just digitized. If the data
digitized were from the field tape recorded on tape
recorder #1 (See Table 2.4), the 9-track tape would contain
three files, one deflection file followed by the files for
Accelerometers 1 and 2.
Each data file stored on the magnetic tape was pre-
ceded by a header which contained information concerning
that particular file. In addition to the quantities
entered at the CRT Terminal, the header contained the
number of data points contained in the file and the number
of points into the file where the first axle enters the
bridge, where the last axle enters the bridge (Phase I
only), where the first axle leaves the bridge, and where
the last axle leaves the bridge (Phase I only). More
information concerning the header and data format may be
found in Section E.2.2 of Appendix E.
The 9-track tape containing the digitized data files
was written in IBM's 9-track EBCDIC. Since there is no
9-track capability on Purdue's CDC 6500 system, the 9-
track was converted to IBM's 7-track BCDIC which is
compatible with the Purdue system. Inasmuch as the 9-track
tapes were not destroyed, the actual field data is stored
in three forms, the original h" x 1800 feet field tapes,
IBM's 9-track EBCDIC, and IBM's 7-track BCDIC. Thus, the
data are readily available to other researchers or
interested persons who might want to conduct further in-
vestigation into these vehicle crossing records.
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3.3. Analysis of the Test Data
The main objective of this Investigation Is to reduce
and analyze the data collected, In order to establish
basic response characteristics for the different types of
bridge structures. The response characteristics under
consideration are the maximum deflection, velocity,
acceleration, jerk and frequency content. The Importance
in obtaining the range of velocity, acceleration and jerk
values for various bridge types is their relationship to
the comfort of pedestrians or persons in halted vehicles
on a bridge which is moving. Shahabadl^ , in his human
comfort to bridge motion studies, expresses the fact that
velocity, acceleration and jerk adversely effect human
comfort at different frequency ranges. Thus, it is
advantageous to find the maximum deflection, velocity,
acceleration, jerk and frequency content for each vehicle
crossing record in order to identify which response
characteri stics(s) is (are) controlling the motion of a
bridge with respect to human comfort.
In order to obtain the maximum velocity or jerk,
algorithms had to be developed which would either
differentiate the deflection or acceleration file or
integrate the acceleration file since these quantities
were known. To attain this goal, an accelerometer was
always positioned adjacent to the deflection gage during
the testing of a bridge. In this manner Integration or
differentiation techniques could be developed and directly
checked with the actual values. For example, suppose the
deflection file for a certain vehicle crossing is smoothed
using a particular polynomial and number of points and
subsequently differentiated twice. By varying the degree
of polynomial and number of points and calculating the
variance between the actual acceleration and the twice
differentiated deflection ,the most efficient smoothing
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polynomial might be chosen. In the same manner the best
integration techniques may be selected.
Several problems arise if a raw data file is
differentiated or integrated without regard to the errors
introduced during these processes. If a data file is
differentiated the random noise inherent in the digitized
signal is magnified, which makes smoothing of the data
before differentiation a necessity. The degree of
smoothing is critical since too much will cause the loss
of valid data and too little will introduce spurious
results into the differentiated data. On the other hand,
if a raw data file is integrated the effect of the random
portion of the data will be reduced. However, the problem
which must be dealt with is the fact that the initial
conditions are not zero and are unknown. The methods
developed for differentiation and integration are developed
and presented in Appendix F.
Figures 3.2 through 3.9 present the results of the
integration techniques which were developed. It should be
noted that although the twice integrated acceleration does
not exactly follow the actual displacement, the maximum
displacement from acceleration which is of primary interest
is always within an acceptable range. A different algorithm
had to be developed depending on the number of spans the
bridge contained; Figures 3.2 and 3.3 show the results for
a single span bridge, Figures 3.4 and 3.5 for a two span
bridge. Figures 3.6 and 3.7 for a three span bridge, and
Figures 3.8 and 3.9 for a four span bridge.
Therefore, an accelerometer could be attached to a
bridge deck and the records of vehicle crossings recorded
and digitized. Using the appropriate integration techniques
developed and presented in Section F.4 of Appendix F, the
displacement or velocity curve for each vehicle crossing
could be obtained, though it would be recommended that the
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results of at least five crossing records for each type of
vehicle be collected before any conclusions concerning the
maximum displacements are reached. This should be done
since the techniques are \/ery sensitive to the bridge
being in a quiescent state as a vehicle enters the bridge.
Figures 3.10 through 3.13 present typical results for
differentiating the displacement to obtain the acceleration
for a one through four span bridge respectively. The
smoothing polynomial applied to the displacement data
which gave the best results for all bridge and vehicle
types was a third degree polynomial using nine points, four
points on either side of the point where the derivative is
being calculated. If, for some reason, the data contains a
more than normal amount of noise, a third degree polynomial
using between thirteen and thirty points would give
satisfactory results. More specific results will be pre-
sented in Chapter 4.
3.3.1. Computer Programs Used in Data Analysis
Two computer programs were written to facilitate the
reduction and analysis of the test data. Both programs
were essentially the same except for the input format
changes which were necessary due to the difference in the
instrumentation in Phase I and Phase II data collection.
The programs were designed to read the data files directly
from the magnetic tape, process each file, and plot the
results. The following is a list of the functions per-
formed by the programs:
(1) calculate the calibration constants,
(2) find the log decrement and damping ratio of the
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(3) smooth the deflection file and differentiate it
either cncfi, twi ? or three times for the
corresponding velocity, acceleration and jerk,
respecti vely
,
(4) smooth the acceleration file (from Accelerometer
#1 only) and calculate the corresponding jerk by
di f ferent i ation ,
(5) integrate the acceloi'^a ti on file eith.er once or
twice to obtain the corresponding velocity or
deflection file,
(6) compart^ the d^-flection from the tv;icG Integrated
acceleration with the actual deflection,
(7) compare t!ie acceleration from the twice
ui f ferer.ti ated deflection with the actual
accel erati on s
(8) calculate the maximum values for deflection,
velocity, acceleration and jerk,
(9) calculate the vehicle velocity and identify
vehicle type,
(10) plot the deflection, velocity, acceleration, or
jerk file for the portion of the fi'ie when the
vehicle is on the bridge,
(11) plot the actual deflection versus the deflection
''rom twice integrateo acceleration,
(12) plot tP'j actual acceleration and acceleration
from twice differentiated and the difference
between the two quantities,
(13) plot the acceleration files and their difference
from two accel erometers located in the same span
but on opposite sides of the bridge.
All of the 900 vehicle crossings digitized were reduced
using the applicable portions of the computer programs de-
scribed above and the results will be presented in the
following chapter.
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For a more detailed drscri pti on of the computer pro-
grams and their operation ree Appendix F.
3.3.2. Freouencv Content of the Data
The frequency content of the deflection and accelera-
tion files is important for sevf^ral reasons. If analytical
techniques are to provide consistent, accurate results,
the modes of vibration which arc excited as a vehicle
traverses a bridge must be Knov;n. For example, the
analytical computtr proo'dir for tv;o and three span bridges
(1 )
used by Shahabadi 'considers the bridge structure as a
single beam, thus ignoriny the effects of the torsional
modes. Therefore, if torsional nodes are actually present,
how much do these modes contribute to the total motion of
the bridge? In the scur.e vein, the frequency content or
spectruT! for the vibration of a certain bridge can be used
to estimate the contribution of each dominant freviuency,
whether it be a torsional or bending frequency, to the
total motion of the bridge structure. The frequency
spectrum may also be used to calculate the actual stiffness
of a bridge which in turn i'lay be used to identify the
amount of composite action present.
Frequency Respons e Analysis
The frequency content of a particular deflection or
acceleration file is presented in a graphical foriti known
as a Fourier specLrurn. The ordinate of the discrete
Fourier spectrum is the modulus of the discrete Fourie-r
transforti: X. in units of the function transformed and the
abscissa is the corresponding frequency in Hertz (Hz).






H ^^^ ^--^ ^T^^ ^ " 0.1.. ...N/2 (3.1)
where the time history "'„ 1s transformed from the time
•' n
domain to the frequency domain.
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Suppose X represents an acceleration file which was
sampled at M equally spaced points at a distance of At
seconds apart. The Fourier ipectrum of this acceleration
file would be a plot of the f,-;ac,ni tude or modulus IX. | of
2
the Fourier transform X, in inches/second versus the
frequency cortant in Hz. Suppose also thau the acceler-
ation file under consideration wa? recorded from a bridge
which only vibrates in its firsi; two natural bending
modes. Thus the Fourier spectrum would contain a definite
peak or spike at each of those natural frequencies. In
addition, this spcctrun; contains information concerning
the magnitude of the acceleration file which was trans-
formed. Suppose one of the frequency peaks f is com-
prised of 3 discrete mcduH |X.|, k = m-1 , m, m+1 where
IX ,1 < jX
I
> IX ,,l. An estimate of the mean square -
' m- 1
'
' m ' ' m+ 1 '







In general, the mean square value is an indication of the
magnitude of the f Hz. portion of the discrtce ture
history. An obvious extension of Eq. (3.2) is the
estimate of the mean square value of the entire time
history, x , which becomes
n
i>: h\' * x./^r -H 1/2 ^z^
{N/2)-l 2
(3.3)
Appendix G contains a detailed explanation of the
Fourier spectrum and its applications. An example problem
is also included to provide further understanding into the
utilization of the spectrum.
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Frequency Spectrum Comput er Progra^ms
There is a separate program for calciilitlng the
Fourier spectrum for Phase 1 and Phase II data, with the
main difference i.^tween tno two programs being the calcu-
lation of vehicle types a?id lengths. Each program will
calculate the Fourier moduli 1 X, ] and their corresponding
frequencies for eacli time history and then plot the
Fourier spectrum.
Each data file, whether it be a df^flrction or
acceleration tile, may be divided into two parts. The
first portion of each file is referred to as the vehicle
crossing portion of the file and the second part, after
the vehicle leeves the bridge, is referred to as the free
vibration portion of the file. Each file is so divided
in order to more readily identify which nctural frequencies
were actually excited a*; the vehicle crosses the bridge.
It was found that the spectrum cf the total file con-
tained frequencies not directly associated with the motion
of the bridge such as thr> effect of tire bounce and noise
of the engine exhaust. These additional froquencies
tended to reduce the sharpness of the frequency spectrum,
thus obscuring the natural freqaencios of th*.- uri'oge. The
computer p>-ogram will calculate the Fourier spectrum for
either the vehicle crossing or free vibration portion of
each file with the spectrum for the free vibration of the
bridge structure containing only the natural frequencies
which were excited by the vehicle crossing. For a further
description of the frequency computer program see Section
E . 3 of Appendi x E.
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CHAPTER IV: SUMMARY OF TEST RESULTS
4.1 General
This chapter will contain the results of the Phase I
and Phase II test program. The basic response character-
istics for each type of bridge structure will be presented
followed by an Investigation of the effects of the major
bridge and vehicle paran^eters on the resporise character-
istics. The major bridge and vehicle parameters are
bridge type, vehicle size and velocity, and the transverse
location of the vehicle on the bridge, vjhile the response
characteristics Include the maximum values of displacement,
velocity, acceleration, and jerk together with the fre-
quency content. Finally, the frequency content will be
analyzed and presented. The following section contains
a description of the procedures used to obtain the various
response characteristics excluding the frequency analysis
procedure which was described In Appendix G.
4 . 2 Analysis Procedures
Each vehicle crossing record was analyzed vising the
computer program and techniques presented In Appendix F
and furnished the following response characteristics:
(1) maximum displacement
(2) maximum acceleration from each accelerometer
(3) damping ratio
(4) maximum velocity and displacement from Integrated
acceleration
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(5) maxinium velocities, accelerations, and jerks
froi'.i differentiated displacement, smoothed using
a 3rd degree polnonial with K=3 through K»15
points
(6) maximun^ jerk from differentiated acrele^'ati on
,
smoothed v/ith a 3ra degree polynomial and K =3
through K=15 points.
For tlie sake of clarity> a 3rd degr'>e polynomial will
be referred to as J = 3 anJ the number of data points used
in the smoothing will bo (;> y K) + 1. K = 3 will signify
that seven consecutive dat?» points were leosl squares fit
to the specified polynomial with 3 (K) data points either
side of the point under consideration.
The maximum displacement reported (minus (-) down
and plus (+) up) is the largest absolute value excited as
a vehicle trave.^ses the bridge. The ma.iinum acceleration
presented is also the largest absolute value encountered
in the record and will always be considered positive.
The maximum velocity and jerk were found by two
different procedures and the results averaged. The dis-
placement was smoothed with J = 3 and K = 3, 15 and
differentiated twice to obtain acceleration. T\/o criteria
were used to determine which smoothing polynomial most
closely approximated the m(:asured acceleration the first
of which w.} : calculating the variance betv/oen the n^asured
and the calculr.ted acceleration files. The Sf;^ond criteria
was comparing the maximum acceleration for each of the 13
smoothing polynomials with the maximum measured acceleration.
A range cf smoothing polynomials which most consistently
gave results which enveloped the maximum measured
acceleration were then selected. It should be noted that
the Dolynomial which resulted in the lowest variance
smoothed the displacement more than the smoothing polvnomial
which resulted in the closest maximum acceleration. This fact
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was also taken into consideration when selecting the most
efficient polynomial. Afto7- this range of smoothing
polynomials had been selectf.d, the maximum velocity and
jerk from displacement could be calculated using the same
range for both quantities and resulted in tvyo maximum
values for ea'-*^ quantity corresponding to the low and high
value of the Scleciied range,.
The third maximum velocity value was obtained by
integrating the acceleration record using the techniques
developed in Appendix F. Therefore, the maximum velocity
which will be presented later in this chapter is the
average of three maximuni v::ilues, two from the displacement
and one fron^ acceleration.
The maximum value of jerk was obtained in a slightly
different wanner. For the range of smoothing polynomial
J = 3, K = 3, 15 the maximum differentiated acceleration
(jerk) varied by a factor of 15 to 30. Since the only
other values of maximum jerk available are those from the
displacement, the maximum jerk from acceleration was
chosen by selecting a range of smoothing polynomials which
would consistently envelope the range of maximum jerk
values from displacement. Therefore, the maxinum reported
jerk yalu"s will be the average of four moximun:. , two from
displacement and two from acceleration.
In summary, a range of smoothing polynomials were
chosen which, when applied to the displacement file, would
result in the best approximation of the corresponding
acceleration file. This range of polynomials would then
be used to obtain a range of maximum velocity and jerk
values from displacement. The jerk values chosen would
then be used to determine what range of smoothing poly-
nomials had to be applied to the acceleration file to
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Table 4.1 summarizes the smoothing resu'.ts for a
representative sample of the 6?. bridges tested. The
results from two different t.^sts on the same bridge are
included to show there is so'ie variability between tests
on the same bridnc as well as between bridqe types. In
the cases whei^e K is a single value the calculated
acceleration or Jerk was consistently close to the actual
valut- and no range of values v/es required. In summary,
for all types of bridges and vehicles the maximum
acceleration may be obtained by averaging th:; maximum
values from smoothing the di spl =3cement with J = 3, K = 4,
5 and differentiating tv/ice. The maximum jerk may be ob-
tained by smoothing the acceleration with J = 3, K = 3,6
and averaging the results after differentiation.
4.3. Results of the Tes ting Program
This section will summarise all of the data collected
and analyzed during both Phase I and Phase II testing.
The results are presented in Table 4.2 and contain the
meati, sample standard deviation and range for each of the
following quantities: the vehicle type and velocity;
maxir;;um displacement; ve'iocity; accel ere*: i cri • aid jerk ^or
each subcategory of bridges listed in Append'ix A. The
bridges in C tegory 3 - Sjbcategory A, Category 6 - Sub-
category B, and Category 8 are not included in Table 4.2
since there was not a sufficient amount of data available
to form any conclusions.
Sipce the vehicle classification codes (see Table 2.2)
do not represent the relative weights of the vehicles, a
vehicle weight factor was used and is shown and compared
with its corresponding vehi cle cl assi fication code in Table
4.3. The vehicle weight factor is not intended to
represent the true weight relationship between different
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types and v/eights of vehicles used in th? testing of a
bridge. Hov/ever, the weight factors are arranged in
ascending order according to the exnectod vehicle weight.
The values of maximum displacement, velocity,
acceleration, and jerk presented in Table 4.? were deter-
mined by the methods presented in the previous section.
It should be noted that the maximum mean displacement was
calculated using the appropriate sign of the displacement
since the upward maximum deflection was larger than the
downward maximum deflection for some cases. Also the
maximum displacement, velocity, and jerk are for only one
point on the bridge, while the maximum acceleration was
the maximum value of the output from all accelerometers
on the bridge deck. It was found though, that the
maximum acceleration never occurred consistently at one
particular position on any of the bridges tested.
The results presented in Table 4.2 are for a wide
range of weight factors and vehicle velocities which makes
the comparison of various properties between bridge
categories difficult. However, in most cases this has one
advantage in that the results for each subcategory of
bridges are representative of the response of the bridges
under ti-e actual traffic experienced by tho bridges. A
good example of this fact is the two span bridges in
Categories 5 rnd 6 (see Appendix A) which are all located
on county roads. The mean acceleration of these bridges
2
is 17-18 in/sec with a vehicle weight factor of 4.0 which
corresponding to test vehicle. These bridges will probably
never see much larger or heavier vehicles than the test bus.
Thus, the mean acceleration presented will be representa-
tive fov that type of bridge.
On bridges which do carry heavy truck traffic we are
Interested in the maxirtium response properties. Table 4.4
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vehicle (9). Only bridges having a significant amount of
weight factor 9 vehicles are included. In terms of mean
acceleration, all bridges of reinforced concrete con-
struction (Categories 7, 9, 10) have approximately half the
acceleration level as experienced by steel beam and plate
girder construction. Among bridges of steel construction
the short single span (SB-A) and tv/o span structures
(KCSB-C) have higher mean values of acceleration than do
the three span bridges, although the maximum accelerations
for all these bridges fall within the same range. In
general, the mean jerk seems to be slightly higher for
steel than for concrete bridges but this trend is not as
apparent as it was for acceleration. The major trend of
jerk is thp fact that the jerk increases considerably with
the decrease in span length for a certain type of bridge.
3
The mean jerk is 5080 in/sec for a 60 foot span SB-A and
1490 in/sec^ for a 72 foot SB-C single span. For 47'-57'-47'
CSB-A, 60'-72'-6Q' CSE-B and 68'-85'-68' CSB-C three span
3bridges, the mean jerk is 5110, 2900, and 2740 in/sec
respectively. The only evident trend in the bridge velocity
Is that the values are lower for reinforced concrete bridges
than for steel beam bridges.
Since steel beam or plate girder bridges have
generally higher response values, a summary of the mean
response values for all bridges of steel construction are
shown in Table 4.5. Single through throe span bridges in
order of increasing span length are listed. The mean dis-
placement was omitted, since it would not present any
pertinent information. Several of the trends mentioned in
the previous paragraph may be seen with some exceptions.
One of the exceptions is the mean acceleration and jerk for
the 55 foot single span SB-B. If these quantities
followed previous trends they should be higher than the
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this discrepancy is the lack of heavy truck traffic, as
can be seen by comparing tiie mean vehicle weigtit factors
for the two bri dges
.
It should be noted that nothing has been said up to
this point about bridge and vehicle variables over which
there was no control or knowledge. For instance, the
results of Aramrar.s (2) acceleration study indicated that
bridge roughness played a major role in the magnitude of
acceleration experienced by a bridge. Also, the approach
profile and various vehicle parameters are unknown and
havenot been considered. Even with the vehicle classifica-
tion code (see Table 2.2), the weight of a number 9 vehicle
might vary as much as ?60%, which directly affects the
acceleration. This fact may be seen by examining the
range of response properties for number 9 vehicles in
Table 4.4. These facts do not detract from the value of
the test program, since the main objective was to ascertain
the general response characteristics which was done and
which are presented in Table 4.2. Shahabadi does in-
vestigate the deck roughness for six of the bridges in-
cluded in this test program and presents a technique where
the 'lurface roughness is approximated by a random
generated function.
However, the special tests described in Chaoter 2
made it possible to investigate the effect of vehicle
velocity on displacement, velocity, acceleration ai.d jerk.
The results are shown in Figures 4.1 through 4.4, re-
spectively, with each figure containing the results from
one single span, one two span, and one three span bridge.
In all cases the vehicle used to excite the bridge was the
Research and Training Center Bus crossing the bridge in
the travel lane which is on the same side of the bridge as
the deflection gage. Figure 4.1 presents the maximum























































































































































































































































































































































data values plotted are the range of values for that
particular velocity and are shown since to plot all data
points would be prohibitive. All data are linear least
squares fit and the results plotted as the solid line.
The two span KCSG-A-1 shows a very slight decrease and
the three span CSB-C-1 a very slight increase in displace-
ment as the vehicle velocity increases while the results
from the single span bridge show a marked decrease with
increasing speed.
Figures 4.2, 4.3, 4.4 indicated that bridge velocity,
acceleration and jerk all increase with Increasing vehicle
velocity which was to be expected. It is interesting to
note that the magnitude of jerk values for KCSB-B-1 in
Figure 4.4 are considerably higher than the single and three
span bridges. This fact also can be seen in Table 4.5
where the mean acceleration and jerk are substantially
higher than other comoarable two span bridges with the
same vehicle weight factor. This might be do in part to
the deck roughness and/or approach slab conditions
mentioned earlier.
One of the significant findings of this investigation
is the magnitude of acceleration actually experienced by
the bridges. The highest acceleration experienced by any
2
of the bridges was 133 in/sec , while the highest mean
2
acceleration was 74 in/sec and there were only five
instances where the maximum acceleration for a particular
2
vehicle crossing was larger than 100 in/sec . Although
the results of this test program are more thoroughly
analyzed by Shahabadi^ in light of the human comfort
criteria, it would be interesting to note that the magni-
tude of the accelerations experienced by all the bridges
in this test program fall between the "imperceptible" to
"unpleasant to a few" categories of the acceleration
criteria for human response to harmonic vertical motion
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Table 4.7. Typical Damping Ratios
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The damping ratios for most sub-categories of bridges
are shov/n in Table 4.7. For very stiff bridges the
vibrations decayed too rapidly thus prohibiting the cal-
culation of a good value for the damping ratio. The
quantities shown in this Table agree with those obtained
in previous investigations * ' although the value of
2.5% for the three-span (47.5', 57', 47.5') continuous
steel beam bridges should be noted.
4.4. Results of the Frequency Analysi s
This section will present the results cf the frequency
analysis. The methods and computer program used in this
analysis are described and contained in Appendix G. Since
space will not permit the presentation of the frequency
content of all the data records collected, the Fourier
spectrum for one bridge from each sub-category will be
shown. For each of these bridges, the spectrum of the de-
flection and two acceleration files for one vehicle type
are plotted and presented in Appendix H.
The results from the spectral analysis are summarized
and shown in Table 4.8. To facilitate the identification
of the fundamental bending frequency and to investigate
the amount of composite action developed by the -appropriate
steel beam bridges, the theoretical fundamental bending
frequency v/as calculated using the bridge section properties
supplied by the test crew. For composite steel beam bridges
and concrete bridges the stiffness was taken equal to the
sum of effective El's of the beams considering their
tributary slabs. The non-composite stiffness was taken
equal to the sum of the stiffnesses of the steel beams plus
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E = modulus of elasticity of the concrete slab
c
t = thickness of the slab
y » Poisson's ratio Ussumed as 0.3)
b = total width of slab.
E was calculated assuming a concrete strength of 4000 psi.
The results will be discussed ac the end oi' this section.
The measured frequencies presented in Table 4.8
summarize the predominant excited frequencies shown in
Fourier spectra contained in Figures H.la through H,21c.
Again it should be noted that Appendix H contains only a
small portion of the spectra used In obtaining the values
presented in Table 4.8. The major portion of these spectra
are for the free vibration portion of eoch file. This was
done since the vehicle crossing portion of the each file
usually contains frequencies associated with the vehicle
traversing the bridge together with the fact that the
frequency resolution is fairly coarse for the spectrum of
the vehicle crossing portion of the file. This fact may
be seen by comparing the vehicle crossing spectra Figures
H.14a, H.14c, and H.14e with their corresponding free
vibration spectra Figures H.14b, H.14d, and H.Hf. It
should be noted that the particular vehicle :ro5S'r,g the
bridge in these figures is forcing the bridge to vibrate
primarily in the 9.77 Hz and 15.2 Hz mode wliere the funda-
mental bending frequency is 5.27 Hz. This points to the
fact that the vehicle crossing portion of the spectrum is
helpful in identifying which modes are excited as the
vehicle traverses the bridge.
Since the acceleromett rs are more sensitive than the
deflection gages, the frequency resolution of an accelera-
tion spectrum 1s usually greater than the resolution of the
deflection spectrum. This may be seen by comparing Figure
H.6a with Figure H.6b. If only the deflection spectrum
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were used, the fundamental bondlnc frequency v;ould be taken
as 3.32 Hz. However this ?.32 !!z spike in Figure H.Ca
actually contains both the fundamental bending and torsional
modes v/hich are shown separately in the acceleration
spectrum in Figure n.6b. This phenomenon 1s also readily
apparent in Figures H.8a and H.8b. Another factor con-
tributing to greater frequency resolution i? the number
of data points decomposed. The riore data points available
for decomposition the greater the frequency resolution.
This is important when the free vibration portion of the
file decays very rapidly. Examples of this are the
bridges in Category /'7 which contain short span non-
continuous reinforced concrete girder bridges. Figures
H.16a through l!.17c contain the free vibration spectra for
these bridges and it is apparent that the resolution of
the frequencies is not very great. One solution to this
problem is decreasing the digitization sampling interval
At, thus increasing the number of data points available
for decomoosi ti on . However, this also increases storage
space requirements both on magnetic tape and in the
computer.
The spectra for two different bridges which had
identical section properties and spen lengths were in-
cluded in the figures of Appendix H and Table 4.8 in order
to ascertain if the modes of vibration were identical. The
results may be seen by comparing the results for bridges
CSB-B-l and CSB-B-2 and also PCIB-A-1 and PCIB-A-2 in
Table 4,8. For all practical purposes the excited fre-
quencies or modes are identical for the two pairs of bridges
It is beyond the scope of this investigation to
Identify all the frequencies which are excited by vehicles
passing over the bridge. However, the fundamental bending
and torsional frequencies are important and have been
presented in Table 4.8 wherever possible. From a previous
85
analytical Investigation it was shown that the funda-
mental torsional frequency was c'^ose to ^nd higher than
the fundamental bending frequency. The special test "C"
described in Apn^^ndix D served to verify this fact and
helped to separate and identify the^.e frequencies for
three bridges. SE-C-1, KCSG-A-" and CSB-C-1 . Briefly, the
test vehicle v/as driven at constant velocity down the
centerline of each bridge in ordv?r to eliminate as much of
the torsional effects a; possible. At this same velocity
the bus was then ariven over the bridge in the normal
travel lane and finally driven across the bridge as close
to the curb as v/a s safe. Gy coi^:parinq the frequency
content rror. these three test runs, the torsional content
for the bus in the curb lane should be " i gni f
i
cantly
higher than that for the bus at the bridge centerline. The
results of this special test are shown in Table '.9 and
Figures H.la through H,3c. Table 4.9 presents the percent-
age mean square contribution of each frequency excited to
the total mean square value for the free vibration file.
The term f designates the fundamental bending frequency
while f. is the first torsional frequency. The results
for both SB-C-1 and KCSG-A-1 snow a marked increaso in the
contribution of the torsional mode to the total nio-cion of
the bridge: v/hile the cofitri but i on of all other frequencies
either decreasei or shows no trend. For the three span
bridge CSB-C-1 the results are not as pronounced es for the
two previous bridges but the trend of the contribution of
the second frequency 4.49 Hz, shows an increase, wniie the
contribution of the first frequency decreases between the
results from the centerline (CL) and curb lane. There is
no change in the contribution of the 5.85 Hz mode. Thus we
have experimentally identified the fundamental torsional
mode for each of the three aforementioned hridqes. Upon
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frfquency v/as iuRntificd for the rerpaining eighteen Lridges
and are shov/n in Table 4, P.
One of the •jignificanl findings of the freqiiency
analysis is t^^e number of modes excited by vehicles
traversing a bridge together w'th the fact that the funda-
mental bending mode does not generally ccnstitute the major
portion of the overall bridge mocion as was previously
thouglit. The former finding is evident when looking at
the last column of Table 1.8 or looking at the spectra in
Figures H.4a tlirough ,1.21c. A good example is the fre-
quency spectrurn sbnwn in Figure H.7b. The i-orcentagt of
the mean square value for each excited frequency to the
total mean <~quare vtiue is as follows:
Fre-T uency (M?) % of Total Mean Squ are




















After the vehicle has left the bridge the fundamental
bending mor'e is contributing approximately 1?: of the bridgi
motion in tens of acceleration and 5% in terms of dis-
placement (see Figure i!.7a). If we consider a case where
the vehicle is on the bridge. Figure H.14a indicates that
the displacement Is partially composed of the following:
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Crav;l Curve 27%





v.'hile the acceleration for the samr^ vehicle crossing the
bridge hcs tnr; composition (see Figure H.14c)
f^ = 5.27 Hz 4^
9.77 Hz 4n
14 Hz-17 Hz 25%
70%
The P'^GCctiin'] oxa-'iiples indicatf^ that bridge motion is
\/ery conplox and inodes of vibration exist v/hirh are not
explained by cither comiron bending or torsional mode. In
addition if we ..re coni'i dering human response to bridge
motion in its rel at ion^-.h i p to frequency content, it can be
seen that the con t fi bu ti on of some particular frequency to
the total motion of the bridge is different depending upon
•whether the quantity uirior consideration is acceleration
or d i ?, p 1 a c e me n t . Even t ,n o u g h the d i s p 1 a c e ir e n t , velocity,
acceleration and jerK files contain the sami-- frerjencies,
the contribution of G>\ch mode is different ^or each
quantity. Finally it should be noted that each frequency
in a specti urn is not a combination of any other frequencies
but is ar' independent quantity (see Appendix G, section G.2)
As was mentioned at the beginning of this section,
the fundamental bending frequency corresponding to f.jll
coiiposite action and to no composite action was calculated
for the bridges which were not definitely composite con-
struction and the results presented in Table 4.0. All of
the single span bridges exhibit full composite action. The
reason for the high fundamental bend-;ng frequency for
SB-A-4 may be due to joint or bearing conditions. All of
89
the two span composite co'istructi on bridges also disjtlay
full composite action with the calculated frequency com-
paring very closely with the measured values. The three
span steel beam bridges CSD- A-2 through CSB-C-1 exhibit
praccically no composite action.
90
CHAPTER V: SUMMARY AND CONCLUSIONS
5.1. Surmary of Tpst and Analysis Procedure s
A sample of sixty-two bridges containing from one
through four spans and of all types of construction was
instrumented with a deflection gage and eccel erometers and
the response of there bridges under actual traffic con-
ditions were recorded, digitized, and stored on magnetic
tape, f'ore than 2200 individual vehicle crossings were
collected constituting over 13,000 deflection and accelera-
tion records. Due to the cost of computer time used to
reduce the data, only 900 vehicle crossings were actually
digitized and stored on magnetic tape. Of these 900
vehicle crossings, approximately 65^. were trucks, 30% were
a test vehicle, and passenger cars and I'ght delivery vans
constituted the remaining 5°i
.
The main objective of this investigation v/as to es-
tablish the basic response characteristics for different
types of highway bridge structures under the passage of
ordinary vehicular traf*"1c. The response characteristics
under consideration were the maximum values o^ displacement,
velocity, acceleration, and jerk together with the fre-
quency of the excited modes of vibration as a vehicle would
traverse a bridge. In order to achieve this goal, computer
programs were developed which would furnish the desired
response characteristics from the experimental data which
was in the form of displacement and acceleration records.
These computer programs together with their documentation
are included in the Appendices of this paper. The following
is a I'st of the functions performed hy the programs:
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(1) Calculate the loc, decrement and dai?.ping ratio of
the bridge,
(2) Smootfi the deflection file and differentiate it
either once, twice or three tires for the
corresponding velocity, acceleration and jerk,
(3) Smooth the acceleration file and differentiate
once for jerk,
(4) Integrate the acceleration file once or twice to
obtain the corresponding velocity or displacement,
(5) Calculate the maximum values for displacement,
velocity, acceleration and jerk, and
(6) Find the foLirior spectrum for either the vehicle
crossing portion or free vibration portion of each
data file.
Algorithms v;ere developed to integrate the acceleration
file to find either the velocity or displacement. Three
different integration algorithms were presented, one for
single span, one for t'.;o span, and one for three and four
span bridges.
A differentiation technique was presented by which
a raw data file was least squares fit to a particular
smoothing polynomial and differentiated, thus elin-jnating
the problem of coiiipoundi iig the errors introduced into the
data during the recording and digitization process. For
the sake of clarity, a 3rd degree smoothing polynomial will
be referred to as J=3 and the number of data points used
ir the smoothing will be (2xK)+l. K=3 will denote seven
consecutive data points being least squares fit to the
specified polynomial with three data points either side of
the point under consideration. For all types of bridges
and vehicles the maximum acceleration or velocity may be
obtained by averaging the maximum values obtained by
smoothing the displacement with 0=3, K=4.5 and differentiating
twice. The maximum jerk may be obtained by averaging the
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maximum values obtained by smootiiing the corresponding
acceleration with J=3, K=3, 6 and averaging the results
after differentiation.
Using the tecnniques and coinputer programs just de-
scribed, the max1r,!un di spl acetnent , velocity, acceleration,
jerk, and da-nping ratio were calculated for each digitized
vehicle crossing. The results were presented in table
form showing th2 mean, sample standard deviation and range
for the maxirum displacement, velocity, accelerr.ti on and
jerk for each sub-category of bridges listed in Appendix A.
The Fourier spectra of the displacement and acceleration
file wore presented for one bridge of each sub-category and
the results were summarized in table form. The table in-
cluded the following:
(1) theoretical fundamental bending -Prequency assuming
(a) non-composite action where applicable
(b) full composite action,
measured f;jndamental bending frequency obtained
from the Fourier spectra,
percent composite action where applicable
measured fundamental torsional frequency and





5 ^ Summa ry of R esults and Conclusions
One of the significant findings of this in vest i qat ion
was the level of acceleration experienced by the bridges.
The highest acceleration experienced by any of the bridges
2
was 133 in/sec , wh'le the highest mean maximum acceleration
was 74 1n/sGC and there were only five instances where the
maximum accel erat^'on for a particular vehicle crossing was
larger than 100 in/sec". If only heavy trucks are con-
sidered, the average of the mean maximum accelerations was
b'j in/sec.^ for all types of steel bridges ?.nd 24 in/sec
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for all types of concrete bridges. If we consider the
acceleration criterion for uman response to harmonic
vertical vibration presented by Wright and ^.'alker the
accelerations obtained from this study would fall between
the "imperceptible" to "unpleasant to a fev;" categories.
The values for maximum velocity and je**!; follow the
same trend as maximum acceleration with respect to type
of construction. The average of the mean maximum jerk for
3 3
steel beam bridges was 3500 in/sec and ICOO in/sec for
all types of concrete bridges. For velocity the values
were n.91 in/sec and 0.20 in/sec, respectively. For all
types of construction the jerk increased significantly as
the span length decreased while the velocity followed the
same trend except for three-span continuous steel beam
bridges where the mean maximum velocity increased as the
span lengths increased. For this same type of bridge the
maximum mean acceleration remained fairly constant as the
span lengths increased instead of decreasing as was expected
Using the test vehicle, the vehicle velocity versus
the maximum displacement, velocity, acceleration and jerk
was investigated for one through three span bridges. As
the vehicli.' velocity Increased so did the vaV^es for
velocity, acceleration and jerk which was to be expected.
For di '-.pi acenent the single and two span bridges indicated
a decrease In maximum displacement with increasing vehicle
velocity. The three span bridges indicate a slight in-
crease in displacement with increasing vehicle velocity.
No single bridge exhibited significantly higher re-
sponse values than other bridges within a bridge sub-
category or category. If one type of bridge had to be
singled out for high response characteristics it would be
the two span (76', 76') composite continuous steel beam
bridges KCSB-C. The maximum test program acceleration of
133 in/sec'' occurred on this type of bridge- with the mean
94
maximum acceleration being 74 in/sec . It is unfortunate
that there were no velocity or jerk values available for
this bridge type but based on past experience these values
v/ould also bo relatively high.
The frequency analysis resulted in two important con-
clusions. The frequency spectra from all types of bridges
indicated that bridge motion is composed of e number of
modes of vibration some of which are not explained by
either common bending or torsional mode shapes.
For instance, from two to five district dominate fre-
quencies may appear between the fundamental torsional and
second bending frequencies. The modes corresponding to
these frequencies may constitute as much as 40a of the
total bridge motion.
The second conclusion concerns the fundamental tor-
sional mode of vibration. In general the fi>-st torsional
mode contributes as much to the total motion of the bridge
as does the fundamental bending mode and in quite a few
cases exceeds the contribution of the fundamental bending
by a significant amount. For example, there have been
cases where the fundamental bending mode is contributing
approximately 1?^ and the first torsional 25r, to the total
bridge motion.
The majority of fundamental bending frequencies for
the bridge? tested connared very well with the computed
natural bending frequencies. All of the single span steel
beam bridges exhibited full composite action while the
3-span continuous steel beam bridges displayed approximately
40% of full composite action.
Further study could be conducted to identify the
various mode shapes which are not explained by the common
bending or torsional shapes. Another area of study would
be the use of the displacement data which has been
collected during this test program to invest^'gate the
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maximum stresses occurring as a heavy vehicle crosses the
bridge. The test data might also be useful in the area of
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